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Goblet cellsMembers of the Krüppel-like family of transcription factors regulate diverse developmental processes in
various organs. Previously, we have demonstrated the role of Klf4 in the mouse ocular surface. Herein, we
determined the role of the structurally related Klf5, using Klf5-conditional null (Klf5CN) mice derived by
mating Klf5-LoxP and Le-Cremice. Klf5mRNA was detected as early as embryonic day 12 (E12) in the cornea,
conjunctiva and eyelids, wherein its expression increased during development. Though the embryonic eye
morphogenesis was unaltered in the Klf5CN mice, postnatal maturation was defective, resulting in smaller
eyes with swollen eyelids that failed to separate properly. Klf5CN palpebral epidermis was hyperplastic with
7–9 layers of keratinocytes, compared with 2–3 in the wild type (WT). Klf5CN eyelid hair follicles and
sebaceous glands were signiﬁcantly enlarged, and the meibomian glands malformed. Klf5CN lacrimal glands
displayed increased vasculature and large number of inﬁltrating cells. Klf5CN corneas were translucent,
thicker with defective epithelial basement membrane and hypercellular stroma. Klf5CN conjunctiva lacked
goblet cells, demonstrating that Klf5 is required for conjunctival goblet cell development. The number of Ki67-
positive mitotic cells was more than doubled, consistent with the increased number of Klf5CN ocular surface
epithelial cells. Co-ablation of Klf4 and Klf5 resulted in a more severe ocular surface phenotype compared with
Klf4CN or Klf5CN, demonstrating that Klf4 and Klf5 share few if any, redundant functions. Thus, Klf5CN mice
provide a useful model for investigating ocular surface pathologies involving meibomian gland dysfunction,
blepharitis, corneal or conjunctival defects.chool of Medicine, Eye and Ear
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The transparent cornea serves as the chief refractive tissue of the
terrestrial vertebrates and a barrier against physical, chemical and
biological insults to the eye. Abnormal development and/or defective
maintenance of the cornea lead to severe defects in vision (Klintworth,
2003; Vincent et al., 2005). The involvement of various transcription
factors in regulating the corneal development has been intensely
studied (Adhikary et al., 2005a, 2005b; Chiambaretta et al., 2002, 2006;
Davis et al., 2003; Dwivedi et al., 2005; Francesconi et al., 2000; Hough
and Piatigorsky, 2004; Lambiase et al., 2005; Nakamura et al., 2004,2005; Sivak et al., 2000, 2004; Swamynathan et al., 2008, 2007; Ueta
et al., 2005). In spite of this progress, knowledgeof the genetic network
of transcription factors required for maturation and maintenance of
the cornea and other components of the ocular surface remain
incomplete.Number of Klf5 transcripts/ng
total RNA (Mean±SEM)
P Value compared
to 8-week levels
409.3±31.9 b0.001
542.0±63.8 b0.001
685.8±111.9 b0.001
896.8±113.5 b0.001
1232.1±177.1 b0.001
1303.1±159.0 b0.01
2841.8±55.6* Not applicable
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Fig. 1. Developmental expression of Klf5 in the mouse ocular surface. In situ hybridization revealing the expression pattern of Klf5 in the developing mouse cornea (A), conjunctiva
(B) and the eyelid (C). For each tissue, PN20 sections processed with Klf5 sense probe served as negative control (PN20 S control) (n=3). Developmental stages tested are listed on
top of each panel. St, Stroma; PS, presumptive stroma; SG, sebaceous gland; MG, meibomian gland. Unlabeled arrows point to the epithelium in each tissue.
6 D. Kenchegowda et al. / Developmental Biology 356 (2011) 5–18The cornea is protected externally by the eyelids which contain
meibomian glands that produce and secrete the lipids to the tear ﬁlm
to reduce evaporative losses from the ocular surface. The meibomianglands consist of a number of lipid producing acini connected to a
central lipid conducting duct which releases the secreted meibum to
the mucocutaneous junction of the eyelids (Mathers et al., 1996). The
7D. Kenchegowda et al. / Developmental Biology 356 (2011) 5–18mouse meibomian gland development starts around embryonic day
18 (E18), resulting in the formation of mature meibomian glands by
postnatal day 15 (PN15) (Nien et al., 2010). Meibomian gland
dysfunction (MGD) that perturbs the quantity and/or quality of the
secreted lipids is a common cause of evaporative dry eye disorders
(Jackson, 2008). In spite of their critical contributions to the ocular
surface physiology, little is known regarding the roles of transcription
factors regulating the meibomian gland development.
More than 17 members of the Krüppel-like factors (KLF) family
have been identiﬁed in mammals (Bieker, 2001; Swamynathan,
2010). Several KLFs are expressed in the mammalian ocular surface in
varying amounts (Chiambaretta et al., 2004; Nakamura et al., 2004;
Norman et al., 2004). Serial analysis of gene expression identiﬁed Klf4
and Klf5 as two of the most highly expressed transcription factors in50 µm
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Fig. 2. Klf5 is disrupted in the Klf5CN ocular surface. A–D, Conﬁrmation of disruption of Klf
corneas measured by real time Q-RT-PCR (n=3). B and C, Relative Klf5 protein levels in 8
(C), with actin levels as loading controls. D, Conﬁrmation of disruption of Klf5 in the Klf5C
immunoﬂuorescence with anti-Klf5 antibody (red signal). Left panels, no primary antibody c
sections probed with anti-Klf5 antibody. Sections have been counterstained with DAPI (bluboth 9 day and 6 week old mouse cornea (Norman et al., 2004).
Conditional deletion of Klf4 in the developing mouse ocular surface
resulted in corneal epithelial fragility, stromal edema, altered stromal
collagen ﬁbril organization, endothelial vacuolation, loss of conjunc-
tival goblet cells and defective lens (Swamynathan et al., 2007, 2008;
Young et al., 2009). Klf4 inﬂuenced corneal epithelial barrier function
by upregulating the expression of cell junctional proteins and
basement membrane components (Swamynathan et al., 2011).
Consistent with the increased Klf4CN corneal epithelial cell prolifer-
ation and fragility, expression of cell cycle inhibitors and desomoso-
mal components, respectively, was decreased (Swamynathan et al.,
2008).
Klf5 and Klf4 are structurally related, but functionally distinct
(McConnell et al., 2007). Klf5 is expressed in the proliferating basal50 µm
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8 D. Kenchegowda et al. / Developmental Biology 356 (2011) 5–18epithelial cells of the intestinal crypts, cornea, and epidermis
(Chiambaretta et al., 2004; Ohnishi et al., 2000). Klf5, a positive
regulator of cell proliferation (Sun et al., 2001), is required for
blastocyst development and self renewal of mouse embryonic stem
cells (Ema et al., 2008; Parisi et al., 2008), perinatal lung development
(Wan et al., 2008), cardiovascular remodeling (Shindo et al., 2002;
Suzuki et al., 2009) and adipocyte differentiation (Oishi et al., 2005;
Sue et al., 2008). The role of Klf5 inmaturation andmaintenance of the
ocular surface was not studied previously due to embryonic lethality
of Klf5 null mice (Shindo et al., 2002). In this report, we have
conditionally deleted Klf5 in the ocular surface ectoderm-derived
structures of the eye including cornea, conjunctiva, eyelids and lens by
mating Klf5-LoxP (Wan et al., 2008) and Le-Cre mice (Ashery-Padan
et al., 2000; Dwivedi et al., 2005) to study the function of Klf5 in the
ocular surface. The Klf5 conditional null (Klf5CN) mice exhibited
multiple anterior ocular defects including abnormal eyelids with
malformed meibomian glands and a conjunctiva devoid of mucin
producing goblet cells, establishing Klf5 as a critical regulator of
anterior eye development.
Materials and methods
Conditional disruption of Klf5
Derivation and use of Klf5-LoxP (Wan et al., 2008) and Le-Cre
(Ashery-Padan et al., 2000) mice has been described previously.
Klf5loxP/loxP, Le-Cre/- mice were mated with Klf5loxP/loxP mice to obtain
equal proportion of Klf5loxP/loxP, Le-Cre/- (Klf5CN) and Klf5loxP/loxP
(control) offspring. Genomic DNA isolated from tail clippings of these
mice was assayed for the presence of the Klf5-LoxP and Le-Cre
transgenes by PCR using speciﬁc primers. Klf5loxP/loxP PCR was carried
out using primers that can distinguish between the WT allele and the
ﬂoxed allele (primer 1, CCT GCG TGC AAT CCA TCT TGT TCA ATG GC;
primer 2, TCA CCC TCT GCA GAT CTT AGG C; and primer 3, GCT TGG
CTC AAA ATT CCG TTC C), as before (Wan et al., 2008). Gestation was
determined by identiﬁcation of a vaginal plug (E0.5). Mice studiedPN5 PN8 PN
W
T
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f5
CN
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Fig. 3. External appearance of Klf5CN eyes and dissected eyeballs. A,WT and Klf5CN eyes imag
imaged sideways to reveal the smaller size, thicker extra-ocular muscle (arrow) and cornehere were on a mixed genetic background and maintained in
accordance with the guidelines set forth by the Animal Care and Use
Committee of the University of Pittsburgh, Pittsburgh and the ARVO
statement related to the humane use of animals in experiments.
Histology
Eye tissues from carbon dioxide asphyxiated mice were ﬁxed in
freshly prepared 4% paraformaldehyde (Sigma Chemical Company, St.
Louis, MO) in phosphate buffered saline (PBS; pH 7.4) for 24 h at 4 °C
and embedded in parafﬁn. To rule out the inadvertent use of sections
from the edges of eyeballs, we started collecting serial sections upon
entering the angle tissue on one side, ending while exiting on the
other side. We then stained the central sections representing the
middle of the eye. 8 μm-thick sections were stained with hematoxylin
and eosin, or periodic acid-Schiff's (PAS) reagent. For oil red-O
staining, 8 μm-thick cryosections from OCT embedded PN21 mouse
eyelids were air dried for 60 min, ﬁxed in 4% paraformaldehyde in PBS
for 30 min and air dried again. Slides were then placed in absolute
propylene glycol for 5 min and incubated in pre-warmed 0.5% Oil-red-
O stain for 15 min in 60 °C oven, differentiated in 85% propylene
glycol, rinsed in two changes of distilled water, counterstained with
Meyer's hematoxylin andmounted using aqueous mounting medium.
Light microscopy was performed with an Olympus BX60 microscope
(Olympus America Inc.) equipped with Spot digital camera (Spot
diagnostics instruments Inc., Sterling Heights, CA).
In situ hybridization
In situ hybridization was performed using 12 μm-thick cryosec-
tions from fresh frozen eye tissue in OCT. The sections were ﬁxed in 4%
paraformaldehyde, treated with proteinase K (0.2 μg/mL) for 5 min,
and processed for in situ hybridization as described earlier (Norman
et al., 2004). Riboprobes were synthesized using a digoxygenin (DIG)
RNA labeling kit (Sp6/T7; RocheMolecular Biochemicals, Indianapolis,
IN) with linearized plasmid cDNA templates for Klf4 and Klf5. Color11 PN14 PN21
Klf5CN
1000µm
ed at PN5, PN8, PN11, PN14 and PN21. B, Enucleated 8-week oldWT and Klf5CN eyeballs
al opacity (arrowhead) of the Klf5CN compared with normal WT eyeball.
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Fig. 4. Developmental defects in Klf5CN eyes. H & E stained sagittal sections through the center of the WT and Klf5CN eyeball in the head tissue from different developmental stages
(n=3). Images from different stages have been acquired using different magniﬁcations, to accommodate the whole eye. Arrows (in panels N and P) indicate the swollen Klf5CN
eyelids at PN21 and 10 weeks.
9D. Kenchegowda et al. / Developmental Biology 356 (2011) 5–18development reaction was allowed to proceed until purple color was
visible, (approximately 30 to 60 min) and reactions for both the sense
and antisense riboprobes were terminated at the same time.Isolation of total RNA, RT-PCR and real time quantitative RT-PCR
Klf5 mRNA was quantitated in the developing mouse cornea by
real time quantitative RT-PCR (Q-RT-PCR) using a standard curve
generated with serial dilutions of linearized plasmid pCMVSport6-
Klf5. Q-RT-PCR was performed using cDNA synthesized with 100 ng
total RNA isolated from dissected corneas. The reagents, equipment
and software for TaqMan gene expression assays were obtained from
Applied Biosystems, Foster City, CA. Q-RT-PCR assays with pre-
standardized gene-speciﬁc probes were performed in ABI StepOne
Plus thermocycler using 18S rRNA as endogenous control and theresults analyzed using the software provided by the manufacturer
(Applied Biosystems).
Immunoblots and immunoﬂuorescence
Equal amounts of total protein extracted by homogenizing
dissected corneas in 8.0 M urea, 0.08% Triton X-100, 0.2% SDS, 3%
β-mercapto ethanol and proteinase inhibitors and quantiﬁed by
bicinchoninic acid method (Pierce, Rockford, IL) were separated by
electrophoresis in SDS-PAGE gels, transferred to PVDF membranes
and subjected to immunoblot analysis. Rabbit anti-KLF5 antibody
(Abcam, Cambridge, MA) and goat anti-actin antibody that recognizes
a broad range of actin isoforms (Santa Cruz Biotechnology, Santa Cruz,
CA) were used at 1:500 dilution in PBST. Horseradish peroxidase-
coupled goat anti-rabbit IgG (Invitrogen, Carlsbad, CA) or donkey
anti-goat IgG (Santa Cruz Biotechnology, Santa Cruz, CA) antibody
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Fig. 5. Developmental defects in Klf5CN corneas. H & E stained sagittal sections through the WT and Klf5CN central corneas from different developmental stages (n=3). White
asterisk indicates iridocorneal fusion in Klf5CN eyes (L and N). Arrows indicate lens epithelium (E–H).
Table 2
Morphometric analysis of the sagittal sections of 8 week old WT and Klf5CN eyes. Mean
values±SEM from 5 independent samples are shown. Student's t-test was used to
measure statistical signiﬁcance. Signiﬁcance levels: *=Pb0.001; **=Pb0.0001.
Parameters measured Wild type Klf5CN
Central cornea to optic nerve head (μm) 2545.4±43.1 2236.5±62.3*
Anterior–posterior depth of lens (μm) 1723.5±22.6 1297.2±48.9**
Equatorial width of lens (μm) 1769.3±23.6 1331.1±51.1**
Thickness of central corneal stroma (μm) 47.3±1.4 68.7±4.1**
Corneal stromal cell density (number of cells/
mm2)
3125±137.6 7440±365.5**
10 D. Kenchegowda et al. / Developmental Biology 356 (2011) 5–18was used at 1:5000 dilution. Immunoreactive bands were identiﬁed
by chemiluminescence following incubation with Super Signal West
Pico solutions (Pierce, Rockford, IL).
For immunoﬂuorescence, 8 μm-thick sections from OCT or parafﬁn
embedded eye tissues were ﬁxed in freshly prepared buffered 4%
paraformaldehyde for 30 min, blocked with 10% goat serum in PBST
for 1 h at room temperature in a humidiﬁed chamber, washed twice
with PBST for 5 min each, incubated with 1:150 dilution of rabbit anti-
KLF5 antibody, 1:100 dilution of rabbit anti-laminin-332 antibody
(Abcam, Cambridge, MA), 1:500 dilution of rabbit anti-αA-crystallin
antibody, 1:500 dilution of rabbit anti-αB-crystallin antibody, or 1:25
dilution of rabbit anti-Ki67 antibody (Fisher Scientiﬁc, Pittsburgh, PA)
for 1 h at room temperature, washed thrice with PBST for 10 min each,
incubated with second antibody (Alexaﬂuor 555 coupled goat anti-
rabbit IgG antibody, Molecular Probes, Carlsbad, CA) at 1:1500
dilution for 1 h at room temperature, washed thrice with PBST for
10 min each, mounted with Prolong Gold anti-fade reagent with DAPI
(Molecular Probes, Carlsbad, CA) and observed with an Olympus
Fluoview 1000 confocal system with an Olympus IX81 microscope.
Results
Expression of Klf5 in the anterior eye during development
Expression of Klf5, detected as early as E13.5, increased with age
till 8 weeks of age, the oldest stage tested (Table 1). The number ofKlf5 transcripts increased by 7-fold, from 409/ng total RNA at E13.5 to
2841/ng total RNA in 8 week old adult corneas (Table 1). In situ
hybridization with Klf5-speciﬁc antisense riboprobes conﬁrmed the
low expression of Klf5 in the embryonic stages, that increased as the
development progressed, reaching the highest expression at PN20,
the oldest stage tested (Fig. 1A). Klf5 mRNA was largely conﬁned to
the epithelial cells, with low levels in stromal cells (Fig. 1A). In the
conjunctiva, Klf5mRNA was expressed at low levels in the embryonic
stages, gradually increasing in the postnatal stages, with a relatively
higher expression in the PN14 and PN20 forniceal epithelium
(Fig. 1B). Klf5 mRNA was detected in the early embryonic stages in
the palpebral epithelium and postnatally in sebaceous andmeibomian
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Fig. 6. Defects in the Klf5CN corneal epithelial basement membrane. A–D, PAS reagent-stained PN21 and 10 week-old WT and Klf5CN corneal sections indicating well formed
basement membrane beneath the WT corneal epithelium (long arrows) but not the Klf5CN corneal epithelium (short arrows) (n=3). E–F, Immunoﬂuorescence of PN21 and
10 week-old WT (E and G) and Klf5CN (F and H) corneal sections with anti-laminin-332 antibody show that the basement membrane is thick and continuous in the WT (long
arrows), but malformed and discontinuous in the Klf5CN (short arrows) corneal epithelium.
11D. Kenchegowda et al. / Developmental Biology 356 (2011) 5–18glands (Fig. 1C). Klf5 mRNA was more abundant in the external
palpebral epidermis compared with inner palpebral conjunctival
epithelium (Fig. 1C). Taken together, these results demonstrate that
Klf5 is expressed in a developmentally regulated manner throughout
the ocular surface (Table 1 and Fig. 1).Conditional disruption of Klf5 in the surface ectoderm derived tissues of
the eye
In order to study the function of Klf5 in the ocular surface
overcoming the limitation of embryonic lethality of Klf5-null mice
PN11 10 WeeksPN21
Kl
f5
CN
W
T
A B C
D E F
Fig. 7. Effect of disruption of Klf5 on conjunctiva. Sagittal sections through theWT (A, B and C) or Klf5CN (D, E and F) PN11 (A and D), PN21 (B and E) and 10 week old (C and F) eyes
stained with PAS reagent (n=3). Arrows in B and C point to the conjunctival goblet cells. Arrowheads in D, E and F indicate the rough and discontinuous nature of the Klf5CN
conjunctival epithelium devoid of goblet cells.
12 D. Kenchegowda et al. / Developmental Biology 356 (2011) 5–18(Shindo et al., 2002), we generated the Klf5CN mice that were viable
and fertile, by breeding Klf5loxP/loxP, Le-Cre/-mice with Klf5loxP/loxPmice
(Ashery-Padan et al., 2000; Dwivedi et al., 2005; Swamynathan et al.,
2007; Wan et al., 2008). Real time Q-RT-PCR, immunoblots and
immunoﬂuorescence conﬁrmed the loss of Klf5 in the mouse corneas
(Fig. 2). Klf5 expression was detected by immunoﬂuorescence in the
WT but not the Klf5CN ocular surface epithelia and stroma (Fig. 2D).
Together, these results conﬁrm that Klf5 is successfully disrupted in
the ocular surface tissues by the Cre-Lox approach using Le-Cre to
drive the expression of Cre recombinase.
Effect of Klf5 disruption on the ocular surface morphology and histology
Comparison of the PN5, PN8 and PN11 WT and Klf5CN pups by
visual examination revealed no major differences in the eyelids
(Fig. 3A). While WT eyelids opened at PN12, the Klf5CN eyelids were
swollen and remained closed with a small palpebral ﬁssure as late as
PN21 (Fig. 3A). The enucleated adult (8 week old) Klf5CN eyeballs
were relatively smaller, with a rough and translucent cornea (Fig. 3B).
Greater than 80% of the adult Klf5CN eyes displayed a small eye
phenotype and contained hypertrophic iris with smaller pupil (nN20).
Histological examination revealed no signiﬁcant abnormalities in
Klf5CN eyes at E13.5, E15.5, E18.5 and PN1, suggesting that Klf5 does
not play a major role in early eye development (Figs. 4A–H).
However, PN6, PN11, PN21 and 10 week-old Klf5CN eyes were
smaller with swollen eyelids, spongy and deformed lens, and thicker
corneas (Figs. 4I–P). While Klf5CN corneas were unaltered at E13.5,
E15.5 and E18.5 (Figs. 5A–F), postnatal Klf5CN corneal stroma was
hypercellular (Figs. 5G–P). Frequent iridocorneal fusion was ob-
served in Klf5CN eyes (Figs. 5L and N, asterisks). Morphometric
analyses of sagittal sections from 8 week-old WT and Klf5CN eyesFig. 8. Developmental defects in the Klf5CN eyelids and meibomian glands. A and B, Dissec
arrows). C–H, H & E stained sagittal sections through PN6, PN11 and PN21 WT (C, E and G)
(K–L) sections through PN21 eyelids showing uniform spacing and lipid accumulation in the
Klf5CN (J and L) meibomian gland ducts (n=3). Asterisk, swelling and reddishness in Klf5CN
gland acini; Green arrows, hair follicles; Arrowheads, sebaceous glands.conﬁrmed the increase in the central corneal stromal thickness and
cell density as well as the decrease in the size of the Klf5CN lens and
the eyes (Table 2).
Early development of the Klf5CN lens appeared to be relatively
normal (Figs. 4A–D). However, a large fraction (N80%) of the postnatal
Klf5CN lenses appeared smaller, with many of them deformed
(Figs. 4I–P). Frequent iridolenticular fusion was observed in the
Klf5CN eyes (Figs. 4J, L and N). The E18.5 and PN1 Klf5CN lenses
contained signiﬁcantly fewer epithelial cells (39±2.1 and 31±1.2
cells per unit area, respectively; n=3) in the central anterior region
compared with the WT (72±2 and 64±2 cells per unit area,
respectively; n=3) (Figs. 5E–H, arrows). Late embryonic and
neonatal Klf5CN lenses contained fewer, abnormally arranged nuclei
compared to WT in the differentiating equatorial region (Supplemen-
tal Fig. 1). Immunoﬂuorescence detected comparable expression of
αA-crystallin and αB-crystallin in the E15.5 and PN1 WT and Klf5CN
lenses (Supplemental Fig. 2), suggesting that Klf5 does not inﬂuence
their expression. Abnormal arrangement of nuclei in the E18.5 and
PN1 lens equatorial region (Supplemental Fig. 1), coupled with
postnatal appearance of the Klf5CN lens phenotype suggested that
the Klf5CN lens defect is primarily due to malformed secondary ﬁber
cells.
PAS reagent-stained sections revealed that the PN21 and 10 week-
old Klf5CN corneal epithelial basement membrane was poorly formed
(Figs. 6A–D, arrows). Immunoﬂuorescence demonstrated decreased
expression of laminin-332, conﬁrming that the PN21 and 10-week-old
Klf5CNcorneal epithelial basementmembrane is thin anddiscontinuous
(Figs. 6E–H). Unlike the Klf4CN corneal stroma that harbored signiﬁ-
cantly reduced proteoglycans (Swamynathan et al., 2007; Young et al.,
2009), Klf5CN stroma was relatively more intensely stained by the PASted PN21 WT (A) or
and Klf5CN (D, F and
WT (I and K) compar
palpebral conjunctivreagent, suggesting elevated levels of proteoglycansKlf5CN (B) eyelids showing the meibomian gland oriﬁces (white
H) eyelids (n=3). I–L, Oil-red-O stained coronal (I–J) or sagittal
ed with the uneven spacing and variable lipid accumulation in the
a; Long arrows, meibomian gland ducts; Short arrows, meibomian
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Fig. 9. Defects in the Klf5CN lacrimal gland. Morphological examination revealed interspersed dark spots (short arrows) and excessive vasculature (long arrows) in the 8-week old
Klf5CN lacrimal glands (B), compared to the normal looking WT (A) (n=4). C–D, Histology conﬁrmed excessive vasculature (D; arrowheads) and disrupted acinar organization in
the 8-week old Klf5CN lacrimal glands (D) compared to WT (C). Numerous inﬁltrating cells were observed in the Klf5CN but not the WT lacrimal glands (D; asterisks).
14 D. Kenchegowda et al. / Developmental Biology 356 (2011) 5–18in the Klf5CN stroma compared with the WT (Figs. 6A–D). Goblet cells
were present in the PN21 and 10 week-old WT (Fig. 7, arrows) but not
the Klf5CN conjunctiva (Fig. 7, arrowheads), suggesting that Klf5 is
required for conjunctival goblet cell development. Furthermore, the
Klf5CN conjunctival epithelium appeared rough and discontinuous,
consistent with a disrupted epithelial barrier (Fig. 7, arrowheads).
Effect of Klf5 disruption on eyelids, meibomian and lacrimal glands
Though the embryonic Klf5CN eyelid development and fusion was
normal, signiﬁcant abnormalities were observed postnatally. At PN21,
Klf5CN eyelasheswere irregularly oriented and the surrounding fur was
disorganized,while thepalpebral conjunctivawas swollen and inﬂamed
(Figs. 8A and B, asterisk). The Klf5CN eyelids contained fewer irregularly
spaced meibomian gland oriﬁces at the mucocutaneous junction (on
average 8/eyelid compared with 12/eyelid in the WT, n=4 each)
(Figs. 8A and B, white arrows). Even though meibomian gland bud was
detected in the PN6 Klf5CN eyelid suggesting timely induction, it was
disorganized (Figs. 8C and D arrows), a feature that became more
pronounced at PN11 and PN21 (Figs. 8E–H arrows). The swollen PN21
Klf5CN eyelids were hypercellular and contained severely malformed
meibomian glands with disorganized acini (Figs. 8G and H, short
arrows). Palpebral epidermis was thicker with 7–9 layers of keratino-
cytes, comparedwith thenormal 2–3 (Figs. 8G andH). Eyelids contained
signiﬁcantly enlarged hair follicles (Figs. 8G and H, green arrows) and
sebaceous glands (Figs. 8G–L, arrowheads). Oil red-O stained coronal
and sagittal sections through the eyelids conﬁrmed the disorganized
nature of the meibomian glands with variably sized acini (Figs. 8I and J
short arrows) and uneven lipid accumulation in the meibomian ducts(Figs. 8I–L, long arrows). Together, these results show that Klf5 is
required for proper maturation and function of the meibomian glands.
Considering that the lacrimal glands responsible for production of
the aqueous component of the tear ﬁlm originate from the conjunctival
forniceal epithelium (Govindarajan et al., 2000; Makarenkova et al.,
2000), we compared the 8 week-old WT and Klf5CN mouse lacrimal
glands (Fig. 9). Morphological examination revealed interspersed dark
spots resembling necrotic spots (Figs. 9A and B short arrows) and
excessive vasculature (Figs. 9A and B long arrows) in the 8-week old
Klf5CN lacrimal glands compared to thenormal lookingWT.Histological
examination conﬁrmed excessive vasculature (Figs. 9C and D arrow-
heads) and revealed disrupted acinar organization in the 8-week old
Klf5CN lacrimal glands compared to WT. In addition, large numbers of
inﬁltrating cellswere observed in the Klf5CNbut notWT lacrimal glands
(Figs. 9C and D asterisks). Thus, disruption of Klf5 in the ocular surface
results in defective lacrimal glands that display signs of inﬂammation.
Increased cell proliferation in the postnatal Klf5CN ocular surface
In view of the established ability of Klfs to regulate cell cycle
(McConnell et al., 2007; McConnell and Yang, 2010; Swamynathan,
2010), we compared the WT and Klf5CN cell proliferation rates by
examining the expression of mitotic cell marker Ki67.While therewas
no difference in the meibomian gland acinar or ductal epithelial cell
proliferation, Ki67-positive cells were signiﬁcantly increased in
palpebral epidermis and eyelid hair follicles (Figs. 10A and B, arrows).
While the Ki67-positive cells were restricted to the basal epithelia in
the PN21 WT, they were also present in the spinous cell layers in the
PN21 Klf5CN cornea and conjunctiva, suggesting deregulated cell
15D. Kenchegowda et al. / Developmental Biology 356 (2011) 5–18proliferation and differentiation pathways of the ocular surface
squamous epithelia (Figs. 10C–F, arrows). The number of Ki67-positive
cells was more than doubled in the PN21 Klf5CN cornea, conjunctiva
and the eyelids, compared with the corresponding WT controls
(Fig. 10G).
Co-ablation of Klf4 and Klf5 results in more severe abnormalities
Considering that the structurally related Klf4 and Klf5 are both
abundantly expressed in the mouse cornea, we co-ablated them in the
ocular surface. Co-ablation ofKlf4 andKlf5 resulted inmore severe eyelid
and corneal abnormalities than those in theKlf4CN(Swamynathanet al.,
2007) or Klf5CN eyes (Fig. 11). The Klf4/Klf5dCN eyes failed to open as50µm
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Mean values of Ki67-positive cell counts from three independent experiments (±SEM) arelate as 35 weeks after birth, the oldest stage tested (n=6) (Figs. 11A–F).
The 8 week-old Klf4/Klf5dCN corneal epithelium was thinner than the
WT and Klf5CN corneal epithelia, and remained fused to the eyelids. The
Klf4/Klf5dCN corneal stroma was thinner with relatively fewer kerato-
cytes compared to WT and Klf5CN corneas (Figs. 11G–I). The Klf4/
Klf5dCN conjunctiva lacked goblet cells similar to the Klf4CN and Klf5CN
conjunctivae, and possessed thinner epithelium than the WT or Klf5CN
(Figs. 11G–L).
Discussion
Wehaveprovided theﬁrstdetaileddescriptionof thedevelopmental
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Fig. 11. Defects in the Klf4/Klf5 double conditional null (Klf4/Klf5dCN) eyes compared with WT and Klf5CN. Images of the 35-week old WT (A), Klf5CN (B) and Klf4/Klf5dCN (C) eyes
show that the Klf4/Klf5dCN eyes remain closed (n=6). H & E (D–I) or PAS (J–L) stained sagittal sections of 8 week old WT (D, G and J), Klf5CN (E, H and K) and Klf4/Klf5dCN (F, I and
L) eye tissue. Arrowheads point to the well formed eyelids in the WT (D), swollen, almost closed eyelids in the Klf5CN (E) and unopened eyelids in the Klf4/Klf5dCN (F) eyes. Short
arrow points to the thin layer of corneal epithelial tissue that remains fused to the overlying eyelids in the Klf4/Klf5dCN (I). Long arrows indicate the well formed goblet cells in the
WT conjunctiva (J) and the corresponding regions lacking them in the Klf5CN (K) and Klf4/Klf5dCN (L) conjunctivae.
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identiﬁed the critical roles of Klf5, expanding the regulatory network of
transcription factors in the ocular surface (Birger et al., 2006; Chen et al.,
2009; Collinson et al., 2004;Davis et al., 2003; Dwivedi et al., 2005; Sivak
et al., 2000, 2004; Swamynathan et al., 2007; West-Mays et al., 2003).
Even though loss of Klf5 results inmultiple ocular surface abnormalities,
the human KLF5 locus is not associated with any ocular dystrophies,
possibly due to the embryonic lethality of the spontaneous human KLF5
mutants. The Klf5-null mouse embryonic lethality around E8 is
consistent with this possibility (Shindo et al., 2002).
The vertebrate eye is a complex organ with multiple tissues and
cell types inﬂuencing the development and functions of each other.
Disruption of Klf4 in the ocular surface resulted in corneal phenotypes
overlapping with different dystrophies associated with eye develop-
ment (Swamynathan et al., 2007). Mutations in FoxC1, PitX2, Pax6(Hjalt and Semina, 2005), and collagen α1(IV) (Van Agtmael et al.,
2005) are associated with Axenfeld–Rieger anomaly, a genetically
heterogeneous disease with iridocorneal adhesions and defects in
basement membrane. In the experiments reported here, Klf5 was
disrupted in the developing lens, conjunctiva and eyelids in addition
to the cornea. It is therefore conceivable that while some aspects of
the Klf5CN anterior eye phenotype are direct consequences of the
absence of Klf5, othersmay arise as secondary or indirect results of the
absence of Klf5 in the neighboring tissues.
Structurally related proteins often compensate for the loss of each
other, by virtue of their redundant, overlapping functions. For
example, individual knockouts of C/EBPα or C/EBPβ resulted in
normal sebaceous and meibomian glands, while their co-ablation
severely disrupted sebaceous and meibomian gland development
(House et al., 2010). Similarly, individual knockouts of HNF-1α or
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disruption resulted in a lethal phenotype due to defective intestinal
epithelial development (D'Angelo et al., 2010). In contrast, disruption
of Klf4 (Swamynathan et al., 2007), or Klf5 (current report) alone
resulted in several common changes (e.g., loss of conjunctival goblet
cells, disrupted epithelial basement membrane, and increased cell
proliferation), indicating that these two structurally related factors
have essential and non-redundant roles in several aspects of the
anterior eye development. Co-ablation of Klf4 and Klf5 resulted in a
more severe eyelid and corneal phenotype compared with the
phenotype obtained with disruption of Klf4 or Klf5 alone, consistent
with the notion that Klf4 and Klf5 share few if any, redundant
functions (Fig. 11).
Our observation of increased cell proliferation in the Klf5CN ocular
surface differs from the previous reports that found Klf5 to be pro-
proliferative (Ghaleb et al., 2005; Sun et al., 2001). However, reduced
expression of KLF5 in prostate and breast cancer cells (Chen et al.,
2002, 2003), coupled with the ability of KLF5 to work as a tumor
suppressor (Bateman et al., 2004; Yang et al., 2005) suggests that Klf5
has an anti-proliferative activity as well, in a context dependent
manner. Consistent with this possibility, Klf5 is known to reverse its
function, becoming anti-proliferative cofactor for TGFβ (Guo et al.,
2009a, 2009b). Mechanistic explanation for the increased cell
proliferation in the Klf5CN ocular surface remains to be worked out.Conclusions
The results presented in this report demonstrate that Klf5 is required
for proper postnatal maturation of the ocular surface. Coupled with our
previous studies with Klf4 (Swamynathan et al., 2007, 2008, 2011;
Young et al., 2009), this study highlights the critical, non-redundant
functions of these two structurally related transcription factors in
different compartments of the ocular surface. Our results have added
Klf5 to the small list of transcription factors known to regulate the
relatively understudied meibomian gland (Cascallana et al., 2005;
House et al., 2010; Nien et al., 2010) lacrimal gland (Makarenkova et al.,
2000; Mattiske et al., 2006) and conjunctival goblet cell (Swamynathan
et al., 2007; Ueta et al., 2005; Yoshida et al., 2000) development. Based
on these results, we propose that the Klf5CNmouse is a usefulmodel for
investigating ocular surface pathologies involving meibomian gland
dysfunction, blepharitis, corneal or conjunctival defects.
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